Introduction: This study evaluated whether tumor expression of programmed death ligand 1 (PD-L1) could predict the response of EGFR-mutated NSCLC to EGFR tyrosine kinase inhibitor (TKI) therapy.
Introduction
Tumor cells develop multiple mechanisms to escape immune surveillance, such as the activation of oncogenes. [1] [2] [3] Various studies have shown that mutations in driver genes mediate immune escape by upregulating the expression of immune checkpoint molecules. Furthermore, several recent studies have indicated that in melanoma, the immune microenvironment may contribute to acquired resistance to mitogen-activated protein kinase inhibitors. [4] [5] [6] [7] Notably, Koha et al. 8 reported that strong expression of programmed death-ligand 1 (PD-L1) was significantly associated with improved clinical outcomes after crizotinib treatment in patients with anaplastic lymphoma kinase (ALK)-derived pulmonary adenocarcinomas. These results suggest that the immune phenotype can influence the effects of targeted therapy in certain cancers and may serve as a novel source of resistance to small molecule inhibitors. However, most studies have been limited to cellular and animal models, and few have examined the relationships between immune mechanisms and targeted therapy in human cancers. Therefore, there is an urgent need to determine whether immune surveillance contributes to resistance to targeted therapy among patients harboring specific oncogenes and cancer types.
Since the identification of EGFR as a key driver gene, the EGFR signaling pathway has become a major target in the successful treatment of NSCLC. [9] [10] [11] [12] [13] Nevertheless, some patients with NSCLC do not respond to EGFR inhibitors. Currently, the cause of de novo resistance to EGFR-tyrosine kinase inhibitors (TKIs) is not fully understood beyond genomic mechanisms such as the T790M mutation or MNNG HOS Transforming gene (c-MET) amplification. [14] [15] [16] Given that immune mechanisms are known contributors to resistance to targeted therapy and that increased PD-L1 expression has been detected in the context of acquired resistance to EGFR-TKIs, 17, 18 one might to assume that PD-L1 expression on tumor and immune cells could predict a poor response to targeted therapy in NSCLCs with EGFR mutation. However, previous studies regarding this topic have yielded conflicting results as a consequence of differences in the sample sizes, prior treatment status, assays, antibody clones, and grading cutoff standards. [19] [20] [21] [22] Therefore, the present work aimed to determine whether immune surveillance affects the response to targeted therapy for NSCLC. Specifically, 101 patients with newly diagnosed advanced NSCLC with an EGFR mutation were retrospectively analyzed to assess the predictive effects of PD-L1 expression on EGFR-TKI responsiveness. The hypothesis was set to determine the correlation of PD-L1 expression with de novo resistance to EGFR-TKIs. Accordingly, the immune phenotypes of patients with EGFR-mutant NSCLC and de novo resistance to EGFR-TKIs were further explored.
Methods

Study Population
We reviewed the medical records of 1,042 patients diagnosed with NSCLC at the Guangdong Lung Cancer Institute between April 2016 and September 2017.
EGFR-activating mutations were defined as mutations associated with EGFR-TKIs sensitivity, including the exon 19 deletion, G719X, L858R, and L861Q. We excluded 823 patients with EGFR wild-type, 22 patients who did not receive EGFR-TKIs, 88 patients without baseline data, and 8 patients who were diagnosed with stage I-III disease. Finally, 101 patients with EGFR-TKI treatment-naïve NSCLC were included in this study (Fig. 1) . The characteristics of the enrolled patients at the baseline (i.e., before EGFR-TKI treatment) are summarized in Supplement Data 1. This study was approved by the Institutional Review Board of Guangdong General Hospital (Guangzhou, China), and informed consent was obtained from all patients before the use of biopsy tissues for genetic analysis.
PD-L1 and CD8 Analysis
Tumor specimens from the 101 included patients were immunohistochemically (IHC) evaluated to detect the expression of PD-L1 (SP142; Spring Bioscience Inc., Pleasanton, California) and cluster of differentiation 8 (CD8) (C8/144B, Gene Tech Co., Ltd., Shanghai, China). The stained tissue sections were independently scored by two pathologists who were blinded to the patients' clinical characteristics and outcomes.
PD-L1 expression on tumor and immune cells was evaluated using a 3-tiered grading system wherein strong expression (TC3/IC3) was defined as 50% for tumor cells (TCs) or 10% for immune cells (ICs), weak expression (TC1-2/IC1-2) was defined as 5% to 49% for TC or 5% to 9% for IC, and negative expression was defined as less than 5% for TC or IC. CD8 expression on lymphocytes was reported as the proportion of positive cells among all nucleated cells in the stromal compartments of each core, and scoring was recorded as negative (less than 10%) or positive (10% or more). EGFR, KRAS, MET, ALK, Human Epidermal Growth Factor Receptor 2 (HER2), and Bcl-2-Interacting Mediator of Cell Death (BIM) Analysis EGFR gene mutations were detected using an amplification refractory mutation system and a kit that could detect 29 mutations (DxS EGFR mutation test kit; Amoy Diagnostics, Xiamen, China). Mutations in exons 2 and 3 of KRAS were evaluated by polymerase chain reaction amplification using the BigDye 3.1 Kit (Applied Biosystems, Foster City, California) according to the manufacturer's protocol.
The level of MET amplification was evaluated in deparaffinized 4-mm sections using dual-color fluorescence in situ hybridization and a c-MET/CEN7q Dual Color FISH Probe (Vysis; Abbott Laboratories, Abbott Park, Illinois). Amplification was considered present in cases with an MET/CEN7 ratio of greater than 2.0, an average MET gene copy number greater than 6.0 per cell, or greater than 10% of the tumor cells containing greater than 15 MET signals. 23 The ALK fusion status was detected using IHC with a monoclonal rabbit anti-ALK primary antibody (D5F3; Ventana/Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. 24, 25 Sanger sequencing was used to evaluate BIM splicing from exon 4 to exon 3 and HER2 mutations, based on a previously reported primer sequence. 26 Labeling was performed using the BigDye 3.1 Kit according to the manufacturer's protocol.
Statistical Analysis
All statistical analyses were performed using GraphPad Prism software (version 7.01; GraphPad, Inc., La Jolla, California) and IBM SPSS software (version 22.0; IBM Corp., Armonk, New York). The chi-square test was used to analyze the objective response rates according to PD-L1 expression. Kaplan-Meier curves and the log-rank test were used to analyze progression-free survival (PFS) according to PD-L1 expression. All reported p values were 2-tailed, and differences were considered statistically significant at p < 0.05.
Results
PD-L1 Expression is Associated With Poor Responses to EGFR-TKIs in EGFR MutationPositive NSCLCs
The patients' overall characteristics are shown in Supplement Data 1. Among the 84 patients with available evaluation data, strong PD-L1 expression was associated with a significantly decreased objective response rate, compared with weak or negative expression (35.7% versus 63.2% versus 67.3%, p ¼ 0.001) (Supplementary Data 2).
Furthermore, in the overall population, PD-L1 expression was associated with a significantly shorter median PFS in response to EGFR-TKI therapy compared with weak or negative PD-L1 expression (3.8 versus 6.0 versus 9.5 months, p < 0.001) ( Fig. 2A) . Among patients harboring exon 19 deletions, strong PD-L1 expression was also associated with a significantly shorter median PFS compared to weak or negative PD-L1 expression (3.0 versus 7.0 versus 12.0 months, p < 0.001) (Fig. 2B) . Similarly, among patients harboring the L858R mutation, the median PFS associated with strong PD-L1 expression was significantly shorter than those associated with weak or negative PD-L1 expression (4.7 versus 6.0 versus 9.0 months, p ¼ 0.024) (Fig. 2C) .
Exploration of De Novo Resistance to EGFR-TKIs
The characteristics of 15 patients with de novo resistance to EGFR-TKIs are summarized in Table 1 . With the exception of one patient who exhibited disease progression with symptomatic brain metastases during EGFR-TKI treatment, most patients experienced disease progression characterized by primary lesion enlargement. An evaluation of the genetic profiles of these 15 patients revealed c-MET amplification in 4 patients, KRAS G12D mutation in 1 patient, and negative results for HER2, T790M, and ALK mutations in all 15 patients. PD-L1 positivity was significantly more common among patients with de novo resistance than among those with acquired resistance to EGFR-TKIs (66.7% versus 30.2%, p ¼ 0.009) (Fig. 3) . Based on a recently proposed classification, we divided the de novo resistance cases into four categories: type I adaptive immune resistance (PD-L1þ/CD8þ), type II immune ignorance (PD-L1-/ CD8-), type III intrinsic induction (PD-L1þ/CD8-), and type IV immune tolerance (PD-L1-/CD8þ). 27 This approach revealed a high proportion of PD-L1 and CD8 dual positivity among patients with de novo resistance (46.7%, 7 of 15), suggesting that these patients may likely benefit from PD-1 blockade therapy (Supplementary  Data 3) .
The Efficacy of a Checkpoint Inhibitor for One Patient With De Novo Resistance to Gefitinib
One patient harboring the EGFR L858R mutation did not benefit from gefitinib treatment (PFS: 2.5 months). In this case, IHC revealed strong PD-L1 expression with a high proportion of CD8þ cells (>50%). Negative results were observed during genetic testing for T790M, c-MET, KRAS, and BIM. The patient subsequently completed 6 cycles of treatment with a checkpoint inhibitor (pembrolizumab) and achieved a partial response characterized by more than 5 months of control of the primary lung lesions (Fig. 4) .
Discussion
Recent studies have revealed an epidemiological relationship between EGFR mutation and PD-L1 expression, leading to intense interest in the immunomodulatory mechanisms underlying responses to EGFR-TKI treatment. [28] [29] [30] Therefore, the present study aimed to clarify the effects of immune surveillance in treatment-naïve NSCLC patients treated with EGFR-TKIs. Our retrospective analysis revealed that strong PD-L1 expression was associated with limited responses to EGFR-TKIs in patients with advanced NSCLC. Furthermore, patients with de novo resistance to EGFR-TKIs exhibited increased PD-L1 expression and a high frequency of PD-L1 and CD8 dual positivity. To the best of our knowledge, this is the first study to explore the immunophenotypic signature of patients with de novo resistance to EGFR-TKIs, and the results suggested that this population may be benefit from programmed death 1 (PD-1) blockade therapy.
Various studies have indicated that tumor expression of PD-L1 predicts overall survival, PFS, and treatment responses in patients receiving immune therapy for advanced NSCLC. [31] [32] [33] Similarly, we found that strong PD-L1 expression predicted a poor response to EGFR-TKI therapy, consistent with a recent report by Soo et al. 22 However, other investigators have drawn conflicting conclusions. Lin et al. 34 reported an association of PD-L1 expression with better PFS in EGFR mutation-positive patients treated with EGFR-TKIs (16.5 versus 8.6 months (PD-L1-negative), p ¼ 0.001). Another subgroup analysis of 54 EGFR-mutant cases revealed a significantly longer time to progression after gefitinib or erlotinib treatment among PD-L1-positive patients, compared to their PD-L1-negative counterparts (13.1 versus 8.5 months, p ¼ 0.01). 19 In contrast, Tang et al. 21 found no significant correlation of PD-L1 expression with the efficacy of EGFRTKIs in patients with EGFR-mutated advanced NSCLC. There are several possible explanations for the differences between our findings and those of previous reports. First, we evaluated a larger sample size, which might have enhanced the analytical power and affected the final results. Second, PD-L1 expression is a dynamic biomarker that can be affected by previous treatment. Accordingly, our study focused on treatment-naïve patients to avoid the confounding effects of this factor. Finally, the use of different assays, antibody clones, and scoring cutoffs may have affected the results and conclusions and could explain why the existing data are ambiguous with respect to whether tumor PD-L1 expression can predict the response to EGFR-TKI treatment. Given the inconsistent findings regarding the relationship between PD-L1 expression and responses to EGFR-TKIs, further validation should be conducted using standardized methods.
A recent report stated that a lack of T-cell infiltration, a shrinking proportion of PD-L1þ/CD8þ tumor infiltrating lymphocyte (TIL), and a significantly decreased mutation burden cause weak immunogenicity in patients with EGFR-mutant NSCLC and lead to an inferior response to PD-1 blockade. 28 However, we discovered that patients with poor responses to EGFR-TKIs, especially those with de novo resistance, exhibited a high level of immunogenicity, suggesting that these patients may benefit from immune therapy and that the immune microenvironment is an important factor in responses to targeted therapy. Currently, evidence increasingly suggests the existence of immune mechanisms of resistance to targeted therapy. For example, researchers found that in melanoma models, cells resistant to a BRAF inhibitor exhibited increased MAPK signaling and PD-L1 expression. 35 In patients with melanoma, increased expression of markers of T cell exhaustion and PD-L1 were detected after treatment with a BRAF inhibitor. 36 Furthermore, Smith et al. 6 identified the immune microenvironment in BRAF-mutant melanomas as a novel source of resistance to MAPK pathway inhibitors via macrophage-derived tumor necrosis factor a. 6 Against this previous research backdrop, we supposed that PD-L1 expression might impair the effects of targeted therapy such that patients exhibiting strong PD-L1 expression would respond poorly to EGFR-TKIs. This speculation was consistent with a further analysis of 15 de novo resistance cases in which a high proportion of PD-L1/CD8 dual positivity was observed.
The mechanism of de novo resistance to EGFR-TKIs is known to be highly heterogenous. Only a fraction of cases involving resistance can be attributed to known resistant mechanisms such as de novo T790M mutation and C-MET amplification. Recently, somatic singlenucleotide mutation patterns and coexisting truncal drivers were also reported to associate with primary resistance to EGFR-TKIs. 16, 37 In this study, we only identified four patients harboring a c-MET amplification, one with a KRAS mutation, and one with a phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) mutation; the remaining nine patients exhibiting de novo resistance did not exhibit any known resistant mechanisms. However, these 15 patients included a large proportion of patients with both strong PD-L1 expression and CD8 positivity. Given the findings of previous studies and our observation of impaired responses to EGFR-TKIs, we speculated that PD-L1 expression might be associated with de novo resistance to targeted therapy. 
ALK, anaplastic lymphoma kinase; HER2, human epidermal growth factor receptor-2; MET, mesenchymal epithelial transition; TKIs, tyrosine kinase inhibitors; BIM, Bcl-2-interacting mediator of cell death; Del, deletion; PTEN, phosphatase and tensin homolog; PFS, progression-free survival; PD-L1, programmed death ligand 1; CD8, cluster of differentiation 8; T790M, substitution of methionine for threonine at position 790; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; Ampl, amplification. Findings from a series of clinical studies suggest an impaired response of EGFR-mutant NSCLC to PD-1 blockade monotherapy, and several combination trials of EGFR-TKIs with immune checkpoint inhibitors reported no addictive or synergistic effects. [38] [39] [40] [41] These results highlight the challenges associated with the use of immune therapy to manage patients harboring EGFR mutations. Possibly, these patients require more stringent selection criteria that consider the immune phenotype. In the present study, several patients exhibiting de novo resistance to EGFR-TKIs were also PD-L1 and CD8 dual-positive, which implies a state of immune activation. In a subsequent clinical case, we observed a partial response to PD-1 blockade therapy in a patient with EGFR mutationpositive NSCLC and PD-L1/CD8 dual positivity who failed to respond to first-line gefitinib therapy. Recently, Socinski et al. 42 reported the subgroup analysis from IMpower 150 clinical trial that checkpoint inhibitor atezolizumab improved the overall survival in EGFR/ALK-positive patients (hazard ratio: 0.54, median OS not yet reached versus 17.5 months) especially in TC3 or IC3 positive patients. Therefore, our study suggests a novel nonchemotherapeutic strategy for patients exhibiting de novo resistance to EGFR-TKIs. These findings may be useful for the future design of clinical trials of PD-L1 inhibitors for patients with EGFR-mutant NSCLC. 43 However, the present study also had several limitations. First, we did not perform next-generation sequencing of samples from patients exhibiting de novo resistance to EGFR-TKIs, which may have obscured the potential effects of altered genes on the response to targeted therapy. Additionally, as yet unknown gene mutations might also contribute to de novo resistance. Second, we did not conduct a further investigation of the relationship between gene changes and PD-L1 expression. Third, we did not consider other factors that might affect the tumor immune environment, such as cellular factors and the tumor burden. Additional research is needed to address these issues. Fourth, in this study we used SP142, an Immunohistological dye, which detected fewer stained tumor cells with this agent relative to three other PD-L1 IHC assays (22C3, 28-8, and SP263). 44 However, Professor Zhang recently reported that the IHC detection of phosphatase and tensin homolog (PTEN) expression could be used as a surrogate tissue quality marker. The PD-L1 prevalence in NSCLC detected via SP142 in PTEN-qualified samples is comparable to previous reports of Asian patients. 45 Therefore, our results should be further confirmed using a standardized method.
In conclusion, this retrospective study revealed that strong PD-L1 expression predicted a poor response to EGFR-TKI treatment among patients with EGFR-mutated NSCLC. The observation of strong PD-L1 expression in patients exhibiting de novo resistance to EGFR-TKIs suggests that these patients may benefit from treatment with a PD-1 inhibitor.
